Optomechanically induced transparency in a room temperature 
membrane-in-the-middle setup 
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We demonstrate the analogue of electromagnetically induced transparency in a room temperature 
cavity optomechanics setup formed by a thin semitransparent membrane within a Fabry-Perot cavity. 
Due to destructive interference, a weak probe field is completely reflected by the cavity when the 
pump beam is resonant with the motional red sideband of the cavity. Under this condition we 
can infer a significant slowing down of light of hundreds of microseconds, which is easily tuned 
by shifting the membrane along the cavity axis. We also observe the associated phenomenon of 
electromagnetically induced amplification which occurs due to constructive interference when the 
pump is resonant with the blue sideband. 
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Cavity optomechanics is currently a very active field 
of investigation owing to the disparate possibilities of- 
fered by the ability to manipulate the state and dynam- 
ics of nanomechanical resonator with light, and at the 
same time of controlling light by tayloring its interac- 
tion with one (or more) mechanical resonances A 
notable example of this kind of light beam control is pro- 
vided by the optomechanical analogue of electromagnet- 
ically induced transparency (EIT) [f| 0], the so called 
optomechanically induced transparency (OMIT), which 
has been recently demonstrated both in optical [H, Q and 
microwave domains [lol . ITl| . In EIT an intense control 
field (pump) modifies the optical response of an opaque 
medium making it transparent in a narrow bandwidth; 
the concomitant steep variation of the refractive index 
induces a significant slowing down of the group veloc- 
ity of a probe beam [l2[, which can be used to delay, 
stop, store and retrieve both classical [H, [l4| and quan- 
tum information Q encoded in a light field. In OMIT, 
the internal resonance of the medium is replaced by a 
dipole-like interaction of optical and mechanical degrees 
of freedom which occurs when the pump is tuned to the 
lower motional sideband of the cavity resonance. EIT has 
been first observed in atomic gases and more recently in 
a variety of solid-state systems such as quantum wells, 
dots and nitrogen-vacancy centers [15l - Fl7l j . OMIT may 
offer various advantages with respect to these latter im- 
plementations: i) it does not rely on naturally occurring 
resonances and could therefore be applied to previously 
inaccessible wavelength regions; ii) a single optomechan- 
ical element can already achieve unity contrast, which 
in the atomic case is only possible within the setting of 
cavity quantum electrodynamics OTj ; hi) one can achieve 
significant optical delay times, since they are limited only 
by the mechanical resonance lifetime of the optomechan- 
ical system. 

With the exception of some results shown in Ref. 
previous OMIT demonstrations have been carried out in 
a cryogenic setup; here we show OMIT and also the asso- 



ciated phenomenon of electromagnetically induced ampli- 
fication in a room temperature optomechanical setup 
consisting of a thin semitransparent membrane within a 
high-finesse optical Fabry-Perot cavity [2(1 j21j . While 
in the previous demonstrations of OMIT |8|, |9j the inter- 
ference between a probe beam and a strong pump beam 
results in a "transparency" frequency window, i.e. the 
probe beam is transmitted through the tapered optical 
fiber coupled to the resonator, in our system it leads to 
an "opacity" frequency window, i.e. the probe is com- 
pletely reflected by the cavity even if in resonance with 
it. Furthermore the OMIT transparency window and the 
optical delay can be tuned in a simple way by properly 
shifting the membrane along the cavity axis. 

The experimental setup. The optical power of a laser 
beam at A = 1 064 nm produced by a Nd:YAG laser (Inno- 
light) was distributed between a probe (u! p ) and a pump 
beam (w L ) by means of a cascade of a half wave plate 
(HWPi) and a polarizing beam splitter (PBSi ), as shown 
in the setup in Fig. 1 (see also Ref. |22()- The probe 
beam power was 100 /LtW, while the rest, that was about 
200 mW, was fed into the pump beam optical line: at the 
end only a small fraction of it was used. Two cascaded 
acusto-optical modulators (AOMs) were used to obtain 
controlled frequency detuning from the probe beam in the 
range to 40 Mhz, although only detunings up to 500 kHz 
have been used. The pump beam intensity is controlled 
by the modulation amplitude of the electrical signal used 
to drive AOM2. After the AOMs and an optical isola- 
tor (OFR2) the pump beam was mode-matched to the 
FP optical cavity by means of two lenses (Li and L 3 ). 
Before being injected in the FP cavity the pump beam 
was combined with the probe beam by polarization multi- 
plexing of the fields on PBS2 . The cavity was L ps 93 mm 
long and consisted of two equal dielectric mirrors, each 
with a radius of curvature R — 10 cm. The measured 
value of the empty cavity finesse was T w 60 000, con- 
sistent with the mirror's nominal reflectivity. Halfway 
between the mirrors a thin stoichiometric silicon nitride 
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FIG. 1: (Color online) Schematic description of the experi- 
mental setup. 



membrane was mounted on series of piezo-motor driven 
optical mounts that control the angular alignment as well 
as the linear positioning with respect to the optical axis. 
The membrane was a commercial 1 mm x 1 mm SisN4 sto- 
ichiometric x-ray window (Norcada) , with nominal thick- 
ness Ld = 50 nm, and index of refraction n R as 2, sup- 
ported on a 200 /im Si frame. It has been chosen due to 
its high mechanical quality factor and very low optical 
absorption at A = 1064nm [23]. Its optical properties 
were also experimentally verified, yielding an intensity 
reflection coefficient equal to TZ as 0.18, and an imagi- 
nary part of the index of refraction n Y as 2 x 10~ 6 . In 
order to avoid the deterioration of the mechanical prop- 
erties of the membrane and optical properties of the FP 
cavity, the cavity was mounted inside a vacuum chamber 
which was evacuated by a turbo-molecular pump down 
to 10~ 5 mbar. The probe beam light reflected from the 
cavity was observed by a photodiodc (PD2) whose output 
signal is amplified and fed into a frequency locking loop 
(described in Ref. f22j ) and a spectrum analyzer where 
the membrane's mechanical motion was monitored. 

Langevin equation description. The pump drives the 
system in a steady state characterized by the driven 
TEMoo mode (with photon annihilation operator a) in 
an intense coherent state with amplitude a s , and the 
membrane deformed by radiation pressure. We choose 
the detection bandwidth in order to observe the funda- 
mental membrane vibrational mode with resonance fre- 
quency f2 m /27r as 355.6 kHz and quality factor Q = 
w m /7m ~ 122000, which we describe as a harmonic os- 
cillator with effective mass m, and with dimensionlcss 
position q and momentum p satisfying the commutation 
rule [q,p] = i [H, [24[. Under these conditions, dynam- 
ical effects are associated with the fluctuations Sq and 
dp of the vibrational mode around its steady state posi- 
tion q s , and with the cavity mode fluctuations 5a. This 



dynamics are well described by the following linearized 
Langevin equations [22], [24| 

Sq = Vl m Sp, (la) 

Sp = - [fi m + dqU>(q s )\a s \ 2 ] Sq - j m Sp 

~d q uj(q s )a s (5a + Sat) + £, (lb) 

5a = — [kq + K2 + iA] 5a — id q uj(q s )a s 5q (lc) 

1 /o~! "in 1 /oT "in i /o"! — ifit 

+V ZkqOq + V 2/i 2 a 2 + ^ 2,K a s v e , 

where we have adopted a frame rotating at the pump 
frequency w L , and we have chosen the phase reference 
of the cavity field so that a s is real and positive, kq 
and K2 denote the cavity decay rates through the in- 
put and back mirror respectively, a™ and a 2 n are the 
corresponding vacuum optical input white noises (25| . 
A = ui(q s )— w L is the cavity detuning, and £ is the thermal 
stochastic force. Optomechanical coupling is provided 
through the position-dependent cavity mode frequency, 
Lu(q) — ojq + Re{<5w [zo(<?)]}> where ojq is the frequency 
in the absence of the membrane, and Re {Suj [zo(q)]} is 
the frequency shift caused by the insertion of the mem- 
brane. This shift depends on the membrane position 
along the cavity axis zo(q) = zq + xoOq, where zq is the 
membrane center-of-mass position along the cavity axis, 
O is the transverse overlap integral between the optical 
mode and the vibrational mode [241 ] , and xo = y/H/mil m . 
Radiation pressure coupling is described by the first or- 
der derivative term d q uj(q s ), but, as shown in Ref. (22| . 
also the second-order term d^oj(q s ) has to be included 
in Eq. (jlbp since it accounts for an observable mechani- 
cal frequency shift which is typical for the membrane-in- 
the-middle setup and usually negligible in other cavity 
optomechanical devices. 

Optomechanically induced transparency. The last term 
of Eq. (fTcf describes the additional weak probe field of 
frequency lo p = cj l + O and amplitude s p which, to- 
gether with the intense pump, induces a modulation at 
frequency f2 of the radiation pressure force acting on the 
membrane. When this modulation is close to the mechan- 
ical resonance frequency fi m , the vibrational mode is ex- 
cited, giving rise to Stokes- and anti-Stokes scattering of 
light from the strong pump field. If the latter is tuned to 
the red sideband of the cavity, Stokes scattering is sup- 
pressed and only the anti-Stokes field at w L + f2 m builds 
up within the cavity. However when Q as f2 m as A, also 
the probe beam is resonant with the cavity, but destruc- 
tive interference with the anti-Stokes field suppresses its 
build-up and as a result the probe beam is perfectly re- 
flected by the coupled cavity- membrane system @, [26| . 
This OMIT phenomenon is well described by the classi- 
cal limit of Eqs. (TT]), in which the fluctuation operators 
are replaced by classical variables. The probe modulates 
in time the coupled optomechanical system and therefore 
it is reasonable to assume the following trial solution of 
Eqs. © 

5a = A+e int + A-e~ int , (2) 
Sq = Xe~ int + c.c. (3) 
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The resulting amplitudes are given by 
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(4) 
(5) 
(6) 



where n T = ki + k-2 is the total cavity decay rate, we have 
introduced the effective optomechanical coupling 0] 



G = -V2d q u(q s )a s 



(7) 



with *P the pump input power, and 



Xeff(^) = ^ 



G 2 AO m 
(K T -iw) 2 +A 2 



(8) 



is the mechanical susceptibility modified by the op- 
tomechanical coupling, with fi^ = + /iO m , ft, = 
<9 2 u;((7 s )|a s | 2 , the square of the mechanical frequency 
modified by the second order contribution to the expan- 
sion of co(q). 

The output field transmitted by the cavity is given by 
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as discussed above, in our setup OMIT manifests itself 
as a complete reflection of the probe beam by the cavity, 
even if at resonance. This happens when A- = 0, which 
is realized when the probe is resonant with the cavity and 
with the blue sideband of the pump, f2 ss A ss f2 m ss f2 ro , 
which is analogous to the two-photon resonant condi- 
tion of usual EIT H^]. In such a case, in fact, 
A_ oc 1 + iG 2 Xeff(A)/2« T rj 0, where the latter condi- 
tion is realized when the cooperativity C = G 2 /2n T ~/ m is 
sufficiently large, C> 1, and we are in the resolved side- 
band regime k t <C O m , conditions which are both met in 
our experiment. 

In Refs. OMIT is shown by measuring the probe 

transmission as a function of Q. Here we show its occur- 
rence in a slightly different way, by measuring the in- 
tensity and the phase shift of the beat at frequency f2 
between the transmitted pump and probe fields, Abeat- 
Using Eq. © and neglecting the field oscillating at —SI 
which is well out of resonance, one gets that the beat am- 
plitude at frequency Jl of the transmitted field is given 
by 



^4bcat = 2K 2 a s A_ 
_ 4k 2 k |s p | / 



(10) 



hw L (k 2 + A 2 ) 



i G 2 Xeff(A) 



where the phase of Ab ea t is referred to the phase of the 
probe s p , and we have put D, = A in Eq. (|10[) because we 



have taken the weak probe to be always resonant with 
the cavity. 

The behavior of the measured beat amplitude is shown 
in Fig. 2, where its phase and modulus are plotted vs 
the pump-probe detuning f2, which is kept equal to the 
cavity-pump detuning A. The data refer to an incident 
pump power V ss 3 mW, and we have independently 
measured a total cavity rate k t « 85 kHz, and an effec- 
tive mass to « 45 ng. Both plots are in good agreement 
with the theoretical prediction of Eq. (fTU]) for an effective 
optomechanical coupling \G\ = 9.4 x 10 — 3 O m (full blue 
line), corresponding to a membrane shifted by zq = 4 nm 
along the cavity axis with respect to a field node. 
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FIG. 2: (Color online) Phase shift with respect to the probe 
(upper panel) and modulus (lower panel) of the beat between 
the transmitted pump and probe beams vs the pump-probe 
detuning, which is kept equal to the cavity-pump detuning 
A. The blue full line refers to the theoretical prediction of 
Eq. (|10[1 with parameters given in the text. 

Fig. 2a shows the phase shift acquired by the probe 
beam during its transmission through the optomechan- 
ical cavity. The derivative of such a phase shift gives 
the group advance due to causality-preserving superlu- 
minal effects which a probe pulse spectrally contained 
within the transparency window would accumulate in 
its transmission through the cavity. From the fitting 
curve of Fig. 2a we infer a maximum signal time advance 
t t a —108 ms, which is very close to the theoretical 
maximum time advance achievable at O = A = Sl m || 
T max = — 2C/[7 m (l + C)], which is —109 ms in our 
case where C = 160. The reflected field is instead de- 
layed, and from the corresponding expression for the max- 
imum time delay r£ M = 2-qC/[^{l + C)(l - r\ + C)] 
(?/ = 2kq/k t ~ 1), we can also infer a group delay of the 
reflected probe field r R 670 /is. 

In Fig. 2b the "transparency" frequency window in 
which the probe is completely reflected by the interfer- 
ence associated with the optomechanical interaction is 
evident. As shown in Refs. @, H| and can be seen from 
Eq. (fT0|) , the width of the transparency window is related 
to the effective mechanical damping 7™, which is approx- 
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imately given by 7^f ps 7m (1 + C) around the resonant 
condition O ro = A = SI we are considering, and therefore 
increases for increasing coopcrativity. This is illustrated 
in Fig. 3, where the modulus of the beat amplitude vs 
A = fl is plotted for different positions shifts zq of the 
membrane from a field node: zq = 5 nm (red circles), 
zq = 7 nm (yellow up-pointing triangles), zq = 15 nm 
(light green squares), zq = 21 nm (green down-pointing 
triangles), corresponding to increasing values of the cou- 
pling, |G|/fi m = 1.0 x 10" 2 , 1.4 x 10" 2 , 3.1 x 10~ 2 , 
4.2 x 10 -2 , respectively. The other parameters are the 
same as those of Fig. 2 except for the mechanical quality 
factor, which was smaller, Q = 24000, due to the lower 
quality of the vacuum in the chamber. Also in this case 
the data are in very good agreement with the prediction 
of Eq. (Unj) (full lines). 
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FIG. 3: (Color online) Modulus of the beat between the trans- 
mitted pump and probe beams vs the pump-probe detuning, 
which is kept equal to the cavity-pump detuning A for dif- 
ferent membrane shifts zo with respect to a cavity node, as 
explained in the text. The full lines refer to the theoretical 
prediction of Eq. (TTOJ . 

Optomechanically induced amplification. We have then 
investigated the situation where the pump is resonant 
with the blue sideband of the cavity mode, i.e., when 
A = — $l m . In such a case, the probe beam constructively 
interferes with the Stokes sideband of the pump beam 
which is resonant with the cavity, and may be amplified 
in transmission within a very narrow frequency window. 
This is the optomechanical analogue of electromagneti- 
cally induced amplification H,[l9( , which is closely related 
to the electromagnetically induced absorption observed 
in atomic gases [27j]. The latter consists in the decrease 
of the total power at the output of the medium for increas- 
ing pump power and may occur only when the medium 
internal losses are larger than the external losses. In our 
case internal losses are negligible, k t = kq + K2 = n cxt , 
and we may only observe amplification. This can be seen 
using Eq. (|10|1 for deriving the probe transmission t p , 
which at the blue sideband resonance ft = A ps — fi m 



reads t p = r)'/(l — C) where rf = 2 a /koK2/ / k t - t p gives 
the amplifier gain and therefore the probe is amplified 
in transmission when C > 1 — 77', which is practically 
always satisfied because in our setup kq ps K2 ~ k t /2. 
The amplification bandwidth is narrow and given by the 
effective mechanical damping in this blue sideband driv- 
ing condition 7°f pa 7 m (l — C). The amplification of the 
transmitted probe beam is well visible in Fig. 4, where 
the modulus of the beam amplitude is plotted vs A, but 
now around the condition A = — Q m - The full line corre- 
sponds to the prediction of Eq. (jlOp . Fig. 4 refers to 
an input power V ps 50 /^W, a membrane shifted by 
zq ps 5 nm from a node, corresponding to a coupling 
|G|/fi m w 10~ 3 , and a quality factor Q w 24000, yield- 
ing in this case C ps 0.32. 
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FIG. 4: (Color online) Modulus of the beat between the trans- 
mitted pump and probe beams vs the pump-probe detuning, 
in the case of optomechanically induced amplification. The 
full line refers to the theoretical prediction of Eq. (|10|l . See 
text for parameters. 

The system is stable as long as 7^f > 0, i.e., only 
if C < 1. In this regime the system is the optome- 
chanical analogue of a parametric oscillator below thresh- 
old. At larger cooperativity this amplification process 
evolves into the nonlinear parametric amplification pro- 
cess where the mechanical resonator starts to oscillate 
with a nonzero amplitude, which has been theoretically 
discussed in (28l . [29j and experimentally demonstrated 

in Hoiim. 

Conclusion. We have demonstrated both electromag- 
netically induced transparency and amplification in a 
room temperature optomechanical setup formed by a vi- 
brating thin membrane within a Fabry-Perot cavity. In 
the transparency condition the present setup is able to 
produce an optical time delay of hundreds of microsec- 
onds; such a delay can be tuned in a simple way by shift- 
ing the membrane along the cavity axis. 
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